Introduction
The Standard Model (SM) [1, 2] is an extremely successful theory of elementary particles. Even though more than 50 years have passed since it was first proposed, it remains the best effective theory which can describe physics below the weak scale. In fact, the recent discovery of the Higgs boson [3, 4] and the measurements of its properties such as the signal strengths at the LHC [5] have made our confidence in the SM stronger than ever.
Although the SM is such a successful theory, it is a firm expectation of many physicists that the SM is not the ultimate theory to describe physics at the shortest length scale. There are a number of reasons behind this. Firstly, there are as many as 19 free parameters in the SM whose values cannot be predicted from theory alone but can be determined only by experiments. Secondly, the SM must somehow be extended to accommodate gravity. It is known that this is difficult, and one may need a much larger framework such as string theory. Thirdly, in the SM, there is the gauge hierarchy problem, to explain why there are two vastly different fundamental scales, the weak scale M weak (= O(100) GeV/c 2 ) and the Planck scale M Pl (= O(10 18 ) GeV/c 2 ).
Presently, many experiments are ongoing to search for new physics beyond the SM. Among the most promising are experiments at the LHC which directly probe physics at the TeV scale. To date, new physics has not been discovered, and a limit of mg ,q > ∼ 1 TeV/c 2 has been obtained on the masses of gluinos and squarks, for example [5] . In view of this situation, the role played by precision measurements is becoming more crucial. Even when direct searches for new physics are limited in energy reach, indirect searches like precision measurements can become powerful probes of new physics. Moreover, it is reported [6] [7] [8] [9] [10] that there is at present a more than 3 σ discrepancy between the experimental value of the muon's anomalous magnetic moment (a µ = (g − 2)/2) [11] and the SM prediction for it, and this deviation may be the result of physics beyond the SM. This is a major motivation for new measurements of a µ .
The reported deviation of the muon anomaly from the SM has another important implication. Since the contribution from new particles such as the smuon and the Kaluza-Klein excitations of the muon may be responsible for the deviation, it is natural to expect that effects from such new particles may also appear in closely related processes such as the muon electric dipole moment (EDM) [12] , µ → eγ and µ-e conversion in nuclei (see, e.g., Ref. [13] for a recent concise review). It is therefore valuable to study the muon EDM (d µ ), in addition to the muon g − 2.
The current experimental result for a µ is from the E821 experiment at Brookhaven National Laboratory [11] , which used the "magic gamma" approach with 100% polarized 3 GeV/c muons injected by an inflector magnet with 2-5% efficiency into a 14-meter-diameter storage ring built with 360 degree superconducting coils, 12 iron back-leg sectors and 36 iron pole sectors. With iron shims, a 1 part per million (ppm) field uniformity was achieved averaged over the muon orbit, with local non-uniformity of up to 100 ppm. Electrostatic focusing was used in the ring, and decay positrons (and electrons) were observed with calorimetry. A new measurement of a µ is underway at Fermilab [14] , using the BNL-E821 storage ring, with a new muon accumulator ring and significant magnetic shimming improvements, with expected gain in statistical and systematic uncertainties.
The experiment introduced here is intended to measure a µ and d µ with a very different technique, using a 300 MeV/c reaccelerated thermal muon beam with 50% polarization, vertically injected into an MRI-type 66-cm-diameter solenoid storage ring with 1 ppm local uniformity for the storage magnetic field. The vertical injection, invented for this experiment, will improve injection efficiency by more than an order of magnitude. Very weak 3/23 magnetic focusing will be used in the ring. Silicon strip detectors in the field will measure the momentum vector of the decay positrons. Table 1 compares the proposed experiment with the previous experiment BNL-E821, and the current experiment Fermilab-E989. The initial goal of this experiment is to reach the statistical uncertainty for a µ of BNL-E821, with much smaller systematic uncertainties from sources different from the current method. The muon EDM goal is a statistical sensitivity of 1.5 × 10 −21 e · cm with a systematic uncertainty of 0.36 × 10 −21 e · cm, which is a factor of 60 improvement over the present limit [15] .
Overview of the experiment
The experiment measures a µ and η. They are defined by the relations
where e, m and s are the electric charge, mass, and spin vector of the muon, respectively. Here, g is the Landé g-factor and η is a corresponding factor for the EDM. The experiment stores spin polarized µ + in a magnet and the muons orbit in the uniform magnetic field. The spin of the muon precesses in the magnetic field. With the non-zero and positive value for g − 2, the muon spin direction rotates faster than the momentum. The spin precession vector with respect to its momentum in a static magnetic field B and electric field E is given as [16] [17] [18] [19] [20] [21] 
Here ω a and ω η are precession vectors due to g − 2 and EDM. β and γ are the velocity and Lorentz factor of the muon, respectively. In the previous g − 2 measurements, the energy of the muon was chosen to cancel the term of β × E, which allowed for electrostatic focusing in the storage ring without affecting the muon spin precession to first order. A focusing field index of n =0.12-0.14 was used, which was necessary to contain the muons captured from pion decay. In this proposed experiment, we greatly reduce the focusing requirement in the storage ring by using a reaccelerated thermal muon beam with a factor of 1,000 smaller beam emittance. Very weak magnetic focusing with a field index of n ∼ 10 −4 is enough to store the muon beam, using no electric field for focusing. Under this condition, Eq. (3) reduces to
There is no contribution from the β × E term at any beam energy. Since the precession vectors ω a and ω η are orthogonal, the g − 2 and EDM precessions can be measured simultaneously with an appropriate detector design. The key requirement for this new approach is a muon beam with low emittance. This can be realized with a source of positive muons with thermal energy followed by reacceleration, without increasing the transverse momentum spread. We note here that the stopping muons and their reacceleration steps will also allow us to frequently reverse the muon spins by using 4/23 static electromagnetic fields. This feature will be a powerful tool to study rate-dependent systematics such as track reconstruction efficiency, and the effect of pile-up hits.
In the extraction of a µ and η, the precession frequency ω and the magnetic field B must be measured. The quantity ω is measured by detecting positrons from muon decays during the storage. Like the other experiments that measure the muon anomalous moment, this method exploits the correlation of muon spin direction, or the polarization direction of the positive muon beam, with the energy and direction of the e + emitted in decay of the circulating stored muons [22] . By selecting the most energetic e + , the rate of detection will show an oscillation in time due to the precession of the muon spin with respect to its momentum direction in the storage field. Detectors located radially inside the muon storage orbit will track the decay e + . The experiment records the number of higher energy e + versus time in storage, as the muon spin precesses in the magnetic field.
The average magnetic field seen by the muons in the storage ring is measured by the Larmor precession frequency of a free proton (ω p ). This is obtained from a convolution of the magnetic field map and the muon beam distribution measured by the experiment.
Assuming the EDM term is negligibly small compared with the g − 2 term in Eq. (4), a µ is obtained from ω a = e m a µ B. By using ω p , one can rewrite this equation to
where R = ω a /ω p and λ = µ µ /µ p is the muon-to-proton magnetic moment ratio provided by separate experiments. The precision of the direct measurement of λ by muonium spectroscopy in the magnetic field is 120 ppb [23] . A new improved measurement of λ is being prepared at J-PARC Materials and Life science experimental Facility (MLF) in the same beamline [24] . The experiment will be installed at the muon facility (MUSE, Muon Science Establishment) [25] in the MLF of J-PARC. A schematic of the experimental setup is shown in Fig. 1 . Experimental components and sensitivity estimations are described in the following sections.
Experimental facility and surface muon beam
A primary proton beam of 3 GeV kinetic energy with 1 MW beam power from the Rapid Cycle Synchrotron hits a 2 cm thick graphite target to provide pulsed muon beams. The proton beam has a double-pulse structure, and each pulse is 100 ns in width (FWHM) with a 600 ns separation and 25 Hz repetition rate. The experiment uses a surface muon beam. Surface muons are nearly 100% polarized positive muons from the decay of pions stopped at and near the target surface with the consequent momentum of 29.8 MeV/c and below. There are four beamlines extracting muon beams. The experiment will use one of those, the H-line.
The H-line is a new beamline designed to deliver a high intensity muon beam [26] . This is realized by adopting a large aperture solenoid magnet to capture muons from the muon production target, wide gap bending magnets for momentum selection, and a pair of opposite directional solenoid magnets for efficient beam transport. The surface muon beam is focused onto a target to produce muonium atoms. The final focus condition is optimized to maximize the number of muons stopping in the muonium production target and to minimize the leakage magnetic field at the focal point. To fulfill these requirements, the final focusing includes 5/23 Fig. 1 Schematic view of the muon g − 2/EDM experiment at J-PARC MLF. a solenoid magnet followed by a triplet of quadrupole magnets. The layout of the H-line is shown in Fig. 2 .
The intensity of the surface muon beam at H-line is estimated to be ∼ 10 8 per second at the designed proton beam power of 1 MW. The surface muon at the end of the beamline has a momentum centered at 27 MeV/c with 10% momentum bite. According to a beam transport simulation [27] , the beam size at the focal point will be σ x = 31 mm and σ y = 14 mm.
Production of thermal muons from surface muons
The surface muon beam is converted at its final focus into a source of room-temperature muons. The first step is to slow down and thermalize the µ + in a carefully selected material, silica aerogel [28] . In this material, most of the muons form muonium atoms (µ + e − , or Mu) [29] that diffuse as neutral atoms into a vacuum region where Mu is ionized by laser excitation (Fig. 3) . While the thermalization, conversion to Mu, diffusion, and ionization steps result in the loss of a significant fraction of the original surface muon beam, the characteristics of thermal muons after muonium ionization can be exploited as a source for acceleration and injection into a storage ring. A comparison of the kinematic characteristics of surface muons, a thermal source, and accelerated muons is summarized in Fig. 3 .
Very low density silica aerogel is chosen as the muonium production target for high Mu formation probability (> 0.5) and low relaxation of the polarization. The maximum polarization is 50% after the statistical spin distribution among hyperfine states settles in the Mu 6/23 atom. In addition, the silica aerogel provides a large mobility of Mu atoms within the aerogel structure such that they can be emitted with a near-thermal room temperature energy distribution from the surface of the aerogel slab into the adjacent vacuum region.
The emission of Mu from aerogel, as well as the other important characteristics described above, has been discovered and verified by experiments on surface muon beam lines at TRI-UMF [29, 30] and J-PARC. The results showed that the emission probability was enhanced by an order of magnitude if the downstream aerogel surface was covered with a close-packed array of holes produced by laser ablation to a depth of the order a few mm. The data are consistent with the assumption of Mu diffusion within the aerogel slab to the surface of the ablation holes followed by emission through the holes with speeds corresponding to thermal velocity near room temperature. Figure 4 shows the simulated evolution of muonium into the laser irradiation region located at 1 mm from the surface of the aerogel slab. The laser irradiation region is defined as a volume of 50 × 200 × 5 mm 3 in the transverse directions and the longitudinal direction, respectively. This simulation indicates that the optimum time for the short ionization pulse is near 1.0 µs after the average time of arrival of the two surface muon pulses (0.6 µs apart). The efficiency for thermal muonium production is estimated to be 3.4 × 10 −3 per surface muon.
A high-power ionizing laser system is synchronized to the periodic 25 Hz thermal Mu production at its maximum density in vacuum. The laser ionization consists of two processes. The first is 1s → 2p excitation by a beam having the wavelength of 122 nm (Lyman-α), and the second is electron dissociation by a beam with the wavelength of 355 nm. The spectral linewidth and the pulse energy of the excitation beam is 80 GHz and 100 µJ, respectively. The pulse energy of the ionization beam is 440 mJ. The pulse width of each beam is 1 ns. The surface muon beam is thermalized in silica aerogel near the downstream edge of the Mu production target slab. Some of the muonium formed will diffuse to the surface of the slab and escape to vacuum with thermal energy. Intense laser beams strip the electron from muonium and the muon is accelerated by a static electric field followed by RF linac structures. Kinetic energy (E), total momentum (p), and its spread (∆p/p) at three stages are given. Fig. 4 Evolution of muonium into the laser irradiation region following diffusion and emission from a laser-ablated aerogel target. This is the result of a diffusion simulation with parameters that fit the results of Ref. [30] . The time origin is set at the middle of the doublepulse structure of the surface muons. The graph corresponds to the number of beam muons 3.23 × 10 6 and assumes 100% Mu formation per stopping muon.
The ionization efficiency was estimated to be 73%. The coherent Lyman-α light is generated by a non-linear conversion in Kr gas from two pump laser beams. Two pump beams for the frequency conversion are generated by a distributed feedback laser followed by four stages of amplifiers and three stages of frequency converters with nonlinear optical crystals. Such an intense Lyman-α laser [31] is being developed in collaboration with the group developing an 8/23 ultra slow muon microscope, which is being used for the ionization of muonium at J-PARC U-line [32] .
Acceleration
The room-temperature muons created by the laser ionization of thermal muonium will be accelerated to a momentum of 300 MeV/c (212 MeV in kinetic energy). The muons must be accelerated in a sufficiently short time compared with the muon lifetime of 2.2 µs to suppress muon decay loss during the acceleration. Another essential requirement for the acceleration is the suppression of transverse emittance growth. To satisfy these, a linac dedicated to this purpose will be used in the experiment. Figure 5 shows the schematic configuration of the muon linac. In accelerating the muons, the β increases rapidly with the kinetic energy. It is important to adopt adequate accelerating structures to obtain high acceleration efficiency, similar to proton linacs. The acceleration steps are 1) electrostatic acceleration with a Soa lens, 2) radio frequency quadrupole (RFQ), 3) interdigital H-type drift tube linac (IH-DTL), 4) disk-and-washer structure (DAW), and 5) disk-loaded traveling wave structure (DLS).
As the first acceleration step, thermal muons are accelerated from the ionization region by a pair of meshed metal plates and an electrostatic lens, a Soa lens [33] . Figure 6 shows distributions at the input of the RFQ linac simulated from distributions of the muon source [34] . The ellipses in the x-x and y-y distributions represent the matched ellipses of 1.0π mm mrad. The right panel represents the time structure at the entrance of the RFQ. Even though the pulse width of the dissociation laser is 1 ns, the time width at the RFQ entrance is 10 ns owing to the spatial distribution at ionization. Therefore, the beam from the source divides into three bunches during the acceleration in the RFQ at the frequency of 324 MHz. A spare RFQ of the J-PARC linac [35] will be used as a front-end structure accelerating the muons to 0.34 MeV [36] .
The energy of the muon beam is boosted to 4.5 MeV with an IH-DTL. Different from the Alvarez DTL, the IH-DTL uses the TE11 eigenmode, and π-mode acceleration [37] . With this mode, the acceleration length is halved compared with the 2π-mode acceleration. In addition, alternative phase focusing (APF) [38] is adopted. Since the use of APF eliminates the need for installing quadrupoles in the drift tubes, a higher shunt impedance per length can be achieved. The beam dynamics with such an IH-DTL was studied [39] . Sixteen cells are required to accelerate up to 4.5 MeV, and the total length of the cells is 1.29 m. The quality factor Q 0 is calculated to be 1.03 × 10 4 , and the power dissipation is 320 kW. The effective shunt impedance per unit length is calculated to be 58 MΩ/m, which is competitive with those of other IH structures, taking our IH application to a relatively higher velocity region into account. Following the IH-DTL, DAW structures with a frequency of 1,296 MHz are used to accelerate to 40 MeV. The DAW is one of the coupled-cavity linacs which has large coupling between the cells and a high shunt impedance, especially in the middle β section [41] . The cell design was optimized for the velocities of β = 0.3, 0.4, 0.5, and 0.6 by using the SIMPLEX algorithm [42] . PARMILA [43] was used to design the beam dynamics of the DAW section. The acceleration gradient is determined to be 5.6 MV/m to keep the maximum electric field less than 0.9 times the Kilpatrick limit [44] . The field strengths of the quadrupole doublets between the modules and the number of cells in each module are determined with a condition that the phase advance in one focusing period is less than 90 degrees. The number of cells in a module is set to ten, and the phase advance is approximately 83 degrees in the first module, where the RF defocusing is strongest. The total length is 16.3 m with 15 modules. The estimated power dissipation is 4.5 MW.
Finally, the muons are accelerated from 40 MeV to 212 MeV by using a DLS, which is widely used for electron linacs. The advantage of the DLS is its high acceleration gradient; approximately 20 MV/m. An RF frequency of 1,296 MHz is adequate for the wider phase space. The particular design feature of the DLS for muon acceleration, which is different from the general accelerating structure for an electron accelerator, is the variation of the disk spacing corresponding to the muon velocity [45] . The DLS section consists of four accelerating structures and the total length is approximately 10 m. Figure 7 shows the phase-space distributions at the exit of the DLS (muon linac exit) obtained by simulation. The estimated momentum spread is 0.04% (RMS).
The results of the acceleration simulations are summarized in Table 2 . With this design of the muon linac, these simulations show that the transmission efficiency is kept high, and there is no significant growth of the beam emittance during the acceleration. The beam pulse width is 10 ns consisting of three microbunches, and the repetition rate is 25 Hz.
Beam injection and muon storage magnet
The muon beam must be injected into the muon storage magnet and the injection system must have minimum interference to the storage field. For reasons described later, a new method to inject the muon beam from the top of the magnet is adopted. After the linac, the muon beam follows a beam transport line to inject the muon beam at an incident pitch 10/23 angle of −25 degrees. The beam transport line consists of two dipole magnets for bending the beam vertically, three normal quadrupole magnets to match the vertical momentum dispersion and eight rotated quadrupole magnets to control the phase space to match the acceptance of injection into the magnet. A 3 T MRI-type superconducting solenoid magnet will be used to complete the injection and store the muon beam. Figure 8 shows an overview of the muon storage magnet [46] muons are stored in a 3 T magnetic field with a cyclotron radius of 333 mm. This cyclotron radius is about a factor of 20 smaller than that for the BNL/Fermilab experiments. We take advantage of the advance in MRI magnet technology to fabricate such a small storage magnet with a highly uniform magnetic field in the muon storage region. As summarized in Table 3 , the magnet system has four functions: (1) provide a highly uniform storage field, (2) provide the injection field, (3) provide the kicker field to store the muons, and (4) provide weak focusing for storage. The main feature of the magnet is a highly homogeneous magnetic field of 3 T (main field) in the central region of the magnet, the storage region, where the muon beam is stored until its decay. The homogeneity of magnetic field in the storage region is directly related to the sensitivity of the a µ measurement. The integrated main magnetic field uniformity along the beam orbit in the storage region has to be carefully controlled with a precision of 100 ppb peak-to-peak. Figure 9 depicts the estimated relative field distribution in the r-z plane around the storage region averaged over the storage ring. Averaged over the muon orbit along azimuthally, the variation is estimated to be ±50 ppb. The average field variation along the muon orbit for the BNL (E821) magnet was as large as ±500 ppb [11] .
The second function is to transport the muon beam from the outside of the storage magnet to the storage region. This transportation region is named the injection region. Due to the 12/23 limited space of the storage magnet, the muon beam is not injected by the method used in the previous experiments of horizontal injection using an inflector magnet. Instead, a new 3-D spiral injection scheme [48] , as displayed in Fig. 10 , is developed for this purpose.
A solenoid magnetic field shape is suitable for this new injection scheme. In the injection region, the radial component, B r , of the magnetic field has to be carefully controlled from the top end of the magnet to the storage region for smooth injection. The left panel of Fig. 10 depicts the radial component of the fringe field along the beam in the injection volume. A three-dimensional view of beam trajectories from the injection region to the storage region is also shown in the right panel. The muon beam is injected with pitch angle of 440 mrad.
Open circles along the beam indicate points that correspond to the radial field values on the left panel. The beam momentum is deflected by B r as it reaches the mid-plane of the solenoid magnet. Within the first three turns, the pitch angle becomes 40 mrad. We design the fringe field to control beam vertical motion. And at the same time, this fringe field requires appropriate vertical-horizontal coupling (so-called X-Y coupling in the beam coordinate) to control vertical divergence, because of an axial symmetric shape in the fringe field. The X-Y coupling of the beam phase space, controlled by the magnets located just upstream of the solenoid, will be carefully tuned to minimize the vertical beam size in the storage region.
The third function of the magnet system is to provide a vertical kick, which will guide the beam inside the storage region. Two pairs of one-turn coils, the kicker coils positioned at heights of ±0.4 m, generate a pulsed radial field B kick to apply a vertical kick to the muon 13/23 beam motion. Figure 11 shows the vertical beam motion from the start of the kick to the end, as well as the beam motion in the storage region.
The weak focusing field is the fourth function of the magnet system. In order to keep the beam inside the storage region within a stable orbit, a weak focusing magnetic field [47, 48] will be used. The equations of the weak focusing magnetic field are
where, B 0z (3 T) is the field strength in the z direction at the center of the storage region, R (333 mm) is the average radius of the stored beam, n is the field index.
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The solenoid will be composed of five main coils wound with NbTi cable and the inner radius will be 0.8 m in the present design. An iron yoke is used to suppress magnetic flux leakage. The magnet has pole tips at both ends of the solenoid coil to form the magnetic flux, with an entrance hole for injection.
The main coils will be operated in persistent current mode (PC mode) with a superconducting switch. The time constant of current decay during the nominal operation is generally expected to be less than 10 ppb/hour.
The weak focusing magnetic field is generated by dedicated coils, the weak focus coils, consisting of eight ring coils wound with NbTi cable that are aligned in the axial direction of the magnet. All ring coils are connected in series electrically and driven by a single power supply.
The magnetic field is shimmed by passive and active shimming systems. The former uses iron pieces, which are attached on support cylinders installed inside the magnet bore through holes in the iron poles in air. The magnetic field distribution is adjusted by changing the alignment pattern of iron pieces. Active shimming is done using superconducting shim coils wound with NbTi cable. They are mainly used to compensate the error field changing with time in the storage region, and the residual error (expected to be small) after the magnetic field shimming by iron pieces. The shim coils consist of several saddle coils which have a four-fold symmetry. Each coil is connected to an independent power supply to control each current.
The main coils, the weak focus coils, and the shim coils are immersed in liquid helium to ensure good temperature stability. The helium is recondensed by cryocoolers for long-term, stable and cost-effective operation. Four cryocoolers and a heat exchanger for the helium recondensation will be installed in a cold box, placed apart from the magnet cryostat. A connection pipe between the cold box and the magnet cryostat has a bellows connection, which is a soft connection in terms of mechanical structure, so that the vibration of cryocoolers will not be directly transferred to the magnet.
The magnetic field in the storage region is measured by a nuclear magnetic resonance (NMR) probe. A continuous-wave NMR (CW-NMR) magnetometer will be used in this experiment. The resonant absorption signal of protons ω p in water samples is observed by using a fixed frequency source and a small sweeping magnetic field. The NMR probe will have a size of about 5-10 mm in diameter. Several NMR probes will be mounted on the three-axis moving stage in radial, azimuthal and vertical directions to scan the storage region for the magnetic field mapping. The mapping probes are evacuated from the inside to outside of the storage region during the muon beam storage. The stages are driven by ultrasonic motors, which can work in the strong magnetic field. The ultrasonic motors have encoders so that the position of the NMR probe is controlled with a precision of below 0.1 mm.
In addition to the mapping probes, several other NMR probes will be installed below the storage region to measure time variation of the magnetic field strength, the fixed probes. The magnetic field strength will slightly and steadily decay in the PC mode, as described above, and it will also slightly fluctuate due to temperature variations. In order to compensate such small fluctuations of the magnetic field, and to know the best timing for the magnetic field restoration, we monitor the time variation of the magnetic field continuously at several appropriate field positions. The fixed probes do not monitor the deformation of the magnetic field distribution in the storage region but its time variations. A correlation between the 15/23 magnetic field deformation and the field strength will be measured during the commissioning period for the detailed compensation of ω p .
Positron Detector
The positron detector is installed inside the storage magnet and measures positron tracks from decay of the stored muon beam. A muon with momentum of 300 MeV/c circulates with a radius of 333 mm and decays to a positron, a neutrino and an antineutrino with a dilated lifetime of 6.6 µs. The cyclotron period is 7.4 ns. Since the anomalous precession period is 2.1 µs, muons circulate the ring about 300 times on average during one revolution of muon spin. The goals of the detector are to measure ω a and the up-down asymmetry of positron direction due to EDM.
Due to non-conservation of parity in the weak decay of muons, the average positron energy is higher when positrons are emitted closer to the muon spin [49] . By measuring high energy positrons selectively, positrons emitted forward can be selected and the time variation of muon spin with respect to the muon momentum direction can be measured. The sensitivity becomes maximum when positrons with momentum above 200 MeV/c are counted.
Positrons emitted within the 3 T magnetic field move in a spiral orbit. This trajectory is detected by radially arranged silicon strip sensors. Geometrical coverage of the detector is 90-290 mm in radial direction and within ±200 mm in height. The layout of the detector is shown in Fig. 12 . The muon beam time structure following acceleration to 300 MeV/c is a pulse of 10 ns width consisting of three microbunches, with a repetition rate of 25 Hz. This is the time structure of the fill of the muon storage ring. The number of muons per fill is about 10 4 . The measurement will be performed in an interval following the fill of 33 µs, which is five times larger than the time-dilated muon lifetime. The rate of positrons changes by a factor of 160 from the beginning to the end of the measurement. Thus, the detector is required to be stable against the change of positron rate; otherwise, the measured ω a would be biased.
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The detector consists of 40 radial modules called vanes. Each vane consists of 16 sensors, half of which measure the radial coordinate and half the axial coordinate of ionization. Sensors are made by single-sided p-on-n silicon technology [50] . The active area of a sensor is 97.28 mm × 97.28 mm with a thickness of 0.32 mm. A sensor has two blocks of 512 strips with a pitch of 190 µm. Therefore a vane has 16,384 strips, with 655k total strips for the detector.
The data from the silicon strip sensors are read out by front-end boards with ASICs on the detector with a 5 ns time stamp, followed by readout boards with VME interface, then collected by the PC farm through a Gigabit Ethernet switch. The data acquisition system is based on DAQ-Middleware [51] . The estimated rate of data from the whole detector is 360 MB/s (or 14.4 MB/fill).
One readout ASIC has 128 channels for analog and digital blocks. The dynamic range of input charge is required to be greater than four minimum ionizing particles (MIP) equivalent with linearity. Equivalent noise charge is required to be less than 1600 e − with input capacitance of 30 pF, which corresponds to signal-to-noise ratio greater than 15 for a 1 MIP signal. The pulse width at 1 MIP charge is required to be less than 50 ns and the time-walk between 0.5 MIP and 3 MIP is required to be less than 5 ns to constrain a timing shift effect due to pile-up hits.
The system clock is provided by the GPS-synchronized Rb frequency standard [52] , and it is distributed with real time control signals to the readout boards and the front-end board through the timing control/monitor board. Long term stability of the system clock frequency is confirmed better than 10 −11 .
The stringent requirement on detector alignment comes from the EDM measurement [53] . Alignment accuracies of vanes with respect to the magnetic field direction are required to be better than 10 µrad for skew, i.e., the angle around an axis normal to the vane. In order to ensure the required accuracies, alignment changes for the vanes are detected and monitored during operation using an absolute distance interferometer system.
At the beginning of the interval after the fill, about 30 positrons are produced from muon decay in 5 ns, which is one time window of the data taking. The maximum hit rate per silicon sensor strip is 7 × 10 −3 per time stamp. To find positron tracks in such a condition, a positron track candidate is identified from hits in the detector using the property that high momentum positron tracks leave nearly straight lines in the φ-z plane, where the z-axis is the center axis of the detector along the direction of magnetic field and φ is the angle around the z-axis. Figure 13 shows event displays and reconstructed tracks obtained from simulation. In the φ-z plane (bottom right), straight lines used as seeds for track finding are shown. A Hough transformation [54, 55] is used to find straight lines in the plane and hits on a straight line are used as the seed. A track momentum is obtained by track fitting with a Kalman filter [56] . With this algorithm, a track reconstruction efficiency greater than 90% is achieved in the positron energy range of 200 MeV < E < 275 MeV even at the highest positron rate.
The latter method has better timing resolution than the former but it is applicable only when the transition occurs within a track. Two definitions of decay time can be cross-checked with each other.
Estimation of the number of reconstructed positrons
Efficiencies of steps from the surface muon production to the detection of positrons are studied by a chain of simulations. Table 4 shows the breakdown of the efficiencies. The simulations include surface muon production, thermal muon production, reacceleration, injection to the muon storage magnet, muon beam dynamics in storage, and finally the detection of the positron. The simulation of surface muon production [34] and thermal muon production is optimized by the experimental data on surface muon yield at the existing beamline and measurements of the muonium space-time distribution [30] , respectively. The total efficiency is 1.3 × 10 −5 per initial muon at production. At a proton beam power of 1 MW, the expected number of positrons is 5.7 × 10 11 for 2.2 × 10 7 seconds data taking.
Extraction of a µ and EDM
The values of ω a and η are obtained from the muon decay time distribution. The muon decay time is reconstructed from the positron track as described in Sec. 7. A simulated time spectrum for detected positrons in the energy range between 200 MeV and 275 MeV is shown in Fig. 14 (left) . The anomalous precession frequency ω a is extracted by fitting to the data. Alternatively, one can make a ratio of data taken with opposite initial spin orientations. This will be useful to study early-to-late changes in the detector performance. The value of ω p , from which we determine the average magnetic field seen by the muons in the storage ring, is measured by independent measurements of the magnetic field map in the storage ring provided from the proton NMR data and the muon beam distribution deduced from tracing back the positron track to the muon beam. A blind analysis will be done as was done in the previous BNL expriment, separating the results for magnetic field and spin precession until all systematic uncertainties are finalized. After the ω a and ω p are extracted from the experimental data, a µ is obtained from Eq. (5). Table 5 summarizes statistics and uncertainties for 2.2 × 10 7 seconds of data taking. The estimated statistical uncertainty on ω a is 450 ppb, while the statistical uncertainty on ω p will be negligibly small. Thus, the statistical uncertainty of a µ would be 450 ppb.
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Systematic uncertainties on ω a are estimated as follows. A timing shift due to pile-up of hits in the tracking detector is estimated as less than 36 ppb in the detector simulation by taking into account time responses of readout electronics. A correction for a pitch angle is not necessary in the case of muon storage in a perfect weak magnetic focusing field [57] . A difference in the actual field distribution from the perfect case leads to a systematic uncertainty of 13 ppb which is estimated from a precision spin-tracking simulation of muon beam storage. Residual electric fields modify ω a through the β × E term. With 1 mV/cm monitoring resolution for an E-field, the error on ω a is 10 ppb. Other effects, such as distortion of the time distribution due to high-energy positrons hitting the detector at delayed timing and differential decay due to the momentum spread of the muon beam, are of the order 1 ppb. In the ω p measurement, absolute calibration of the standard probe has an uncertainty of 25 ppb. Positioning resolution of the field mapping probe at the calibration point and the muon storage region leads to 20 ppb and 45 ppb uncertainties, respectively. Other effects, such as field decay and eddy currents from the kicker are less than 10 ppb. In summary, we estimate that the combined systematic uncertainty on a µ is less than 70 ppb.
A muon EDM will produce muon spin precession out of the horizontal plane that is defined by the ideal muon orbit. This can be seen from Eq. (4) where the second term is the EDM term that is perpendicular to the a µ term. Due to the fact that the EDM term generates vertical motion of the spin, one can extract the EDM term from the oscillation of the up and down asymmetry A UD (t) in the number of positrons detected, A UD (t) = N up (t) − N down (t) N up (t) + N down (t) = P A EDM sin (ωt + φ) 1 + P A cos (ωt + φ) ,
where P , A, and φ are the polarization of the muon and an effective analyzing power of muon decay, and a phase of muon spin with respect to direction of the momentum, respectively. A EDM is an effective analyzing power associated with the EDM. A simulated up-down asymmetry in the case of d µ = 1 × 10 −20 e · cm is shown in Fig. 14 (right) . The estimated statistical sensitivity for EDM is 1.5 × 10 −21 e · cm (See Table 5 ). A major source of systematic uncertainty on EDM is detector misalignment with respect to the plane of the muon storage. The alignment resolution is estimated as 0.36 × 10 −21 e · cm from the resolution of the alignment monitor system made with optical frequency comb technology. Effects of axial electric field and radial magnetic field [58] are both less than 10 −24 e · cm, thus negligibly small.
Summary
A new method of measuring a µ and EDM of the muon is described. The experiment utilizes a low-emittance muon beam prepared by reaccelerating thermal-energy muons created from laser-resonant ionization of muonium atoms. The low emittance muon beam allows use of very weak magnetic focusing and the selected low muon momentum (300 MeV/c) leads to the use of a compact magnetic storage ring, instead of the strong electric focusing at the magic momentum (3 GeV/c) used by the previous and ongoing g − 2 experiments. A novel three-dimensional spiral injection method with a pulsed magnetic kick is adopted to store the muon beam in the storage ring efficiently. The experiment reconstructs positron tracks from muons decaying during their storage with a tracking detector consisting of silicon-strip sensors.
This experiment intends to reach statistical uncertainties for a µ of 450 ppb and for muon EDM of 1.5 × 10 −21 e · cm, for an acquisition time of 2.2 × 10 7 seconds. The statistical precision is comparable to that of the BNL experiment. The EDM sensitivity is about two orders of magnitude higher than the BNL limit. Present estimates of systematic uncertainties on a µ and EDM are factors of seven and four smaller than the statistical uncertainties, respectively. This experiment with statistically limited sensitivity will test the 3 σ deviation on g − 2 reported by the BNL experiment with significantly different and improved systematic uncertainties and will search for new sources of T-violation in the muon EDM with unprecedented sensitivity.
